The potential approach of classifying foxtail millet according to geographical origin was investigated using mineral element and chemical composition analysis of samples from various provinces in China. Total 16 mineral elements and five chemical compositions of foxtail millets were analyzed. There were significant differences in 12 elements of millets from different regions. Notable differences were also observed for chemical composition, with Hebei samples showing higher protein content, Henan samples showing higher fat and ash contents and Shandong samples showed higher dietary fiber and amylose contents. Based on the combination of both methods, discriminant analysis provided optimal discrimination among the various geographical origins with a 95.2% classification rate. Our study provides an effective tool to trace the foxtail millet geographic origin through a combination of multi-element and chemical composition analysis.
Introduction
Foxtail millet (Setaria italica) is one of the most important food and fodder crops in parts of China, India and many African countries. [1] [2] [3] It is also grown in Australia and South America. [4] Foxtail millet has gained prominence because of its nutritional significance. It is rich in protein, starch and bran oil, [5] and it is a staple food in China. Moreover, millets also contain a variety of vitamins, minerals and phytochemicals (phenolics and carotenoids), [6, 7] so it is considered as potential functional food ingredient to promote better health.
Geographical conditions can influence the chemical composition of millets, including some functional ingredients. [8, 9] China has constructed some high quality millet production bases such as Yuxian base in Hebei province and Jinxiang base in Shandong province. High quality millet usually has a higher price than average millet. However, millet products can be mislabeled and adulterated, which have negative effects on both the consumer and legitimate merchants. In this respect, it is important to establish methods that facilitate recognition of the geographical origin of millet to protect both consumers and producers.
Geographical origin is the most important factor that can affect the chemical composition of cereal grains. Kitta et al. [10] evaluated the relationship between chemical composition and cultivation areas through fatty acid composition. In addition, there have been many reports on using mineral element analysis to identify the origin of food and plants. [11] [12] [13] [14] [15] The mineral and trace elemental composition of crops reflects the cultivar and soil conditions where crops grows. [16, 17] Stable isotope analysis has been used to trace the origin of cereal grains, such as rice, wheat, soybean and so on. [18, 19] However, it has to be noted that the isotopic fractionation can occur depending on the planting date and variable climatic conditions. [20] . No two regions may have identical soil maps, so mineral elements are an effective maker for geographical classification. Recently, chemometric approaches based on the study of mineral elements were used to distinguish wheat of different geographical origins with good results. [21] The element analysis technique has never been proposed for geographical traceability of millets. The objective of this study was to demonstrate the potential of combining mineral elements with chemical composition analysis to determine the geographical origins of foxtail millets in China.
Materials and methods

Sampling
A total of 21 foxtail millet samples were collected from the 2015 harvests of three major producing regions in China (Hebei, Henan and Shandong provinces). 7 millet samples were collected from Handan city Hebei province (38°N, 114°E) in 2015; 7 millet samples were collected from zhengzhou city Henan city (34°N, 113°E) in 2015; 7 millet samples were collected from Jinan city Shandong provinces(36°N, 117°E) in 2015. Information on the millet varieties that were employed, sampling locations, and weather conditions in the growing season in the sampling regions are shown in Table 1 . These foxtail millet samples were dehulled to remove the inedible husks, then milled into fine powder, sieved through a 60 mesh screen and thoroughly mixed. The prepared samples were stored at −20°C.
Multi-element analysis
The analysis of multi-element data from millet was according to the method by Zhao et al. [21] The millet samples were analyzed after microwave digestion using MARS (CEM Company) microwave digestion system. 0.2 g of sample, 10 mL of 65% HNO 3 , and 1 mL of hydrogen peroxide solution (31%) were added into a PTFE digestion tube and digested for 40 min by increasing the power to 1600 W and the temperature to 210°C in a stepwise fashion. The digested solution was diluted to 50 mL with ultra pure water and stored in a plastic flask before analysis.
Multi-elements were measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, X Series 2, Thermo Fisher, America). Standard solutions for Ca, K, Mg, P, Fe, Mn, Cu, Zn, Se, Mo, Co, Ni, Rb, Sr, Cs, and Ba were prepared using multi-element calibration standard solutions, and all determination coefficients of the standard curves were higher than 0.99. Because there is no matching certified reference material (CRM) for millets, the analytical quality control was routinely validated using a rice reference material, GSB-1 (GWB 10010). The recovery and the relative standard deviation (RSD) of these 16 elements in millet samples were found to be higher than 90% and lower than 10%, respectively.
Proximate composition
Crude protein, crude fat and ash contents were determined using standard methods. [22] Dietary fiber was estimated using the methods of Englyst and Hudson. [23] Amylose content was estimated using the methods of Sowbhagya and Bhattacharya. [24] Potato amylase was used as a standard.
Statistical analysis
All statistical analyes of the data (16 mineral elements, protein, fat, dietary, amylose, ash contents) were performed in the SPSS 19.0 package for Windows. One-way ANOVA was completed for each of the parameters. Duncan's multiple comparison test was performed to determine significant differences between the different regions, with a significance level of P < 0.05. Principal component analysis (PCA) was used to describe sample clusters from different origins. Discriminant analysis (DA) was also performed to assess the ability to discriminate the geographic provenance of millets.
The most significant variables were selected by stepwise analysis. Variable selection was based on Wilks' lambda. A cross-validation procedure was applied to assess the model.
Results and discussion
Mineral elements in millet from different regions
The 16 elemental concentrations (Ca, K, Mg, P, Fe, Mn, Cu, Zn, Se, Mo, Co, Ni, Rb, Sr, Cs, and Ba) of 21 millet samples from three different regions are reported in Table 2 . The most relatively abundant mineral elements in millet were P and K, which were both greater than 1 g/kg in content. Ca, Mg, Fe, Mn and Zn were each between 10 mg/kg and 1 g/kg. Cu, Rb, Sr, Mo, Ni and Ba were each between 0.1 mg/kg and 10 mg/kg. Co, Cs and Se were each between 10 μg/kg and 100 μg/kg. The contents of K, Mg, Ca, Fe, Zn, Mn, Cu and Mo were similar to that reported by Zhang et al. [25] Se was lower than the values reported in Liu et al. [26] Our samples were generally rich in P compared to the millet reported by Verma et al. [27] To the best of our knowledge, no literature is available concerning Co, Mo, Ni, Rb, Sr, Cs, and Ba concentrations in millet. ANOVA test showed that 12 of 16 elements (K, Mg, P, Zn, Se, Mo, Co, Ni, Rb, Sr, Cs, and Ba) in the millet were significantly different among the three regions. The results indicated that Hebei samples had the highest contents of Co, Ni and Ba. Henan and Shandong samples had a higher contents of K, P, Zn, Se, Rb, Sr, and Cs. Furthermore, Henan samples could be distinguished from Shandong samples based on high levels of Cu. The content of Cu in Henan soil samples was higher than that in Shandong soil samples. [28] All of the above element profiles provide valuable information about the geographical origin of millet samples.
Chemical composition in millet samples from different regions
The chemical composition of millet samples is shown in Table 3 . The protein and fat contents in the millet samples were 10.28 g/100 g and 3.40 g/100 g, respectively, which was similar to the values reported by Verma et al. [27] Dietary fiber content of foxtail millet was 2.37 g/100 g, which was lower than the value of 3.6 g/100 g found by Devisetti et al. [29] This difference may be attributed to the differences in foxtail millet varieties. The amylose content was 21.47 g/100 g. Fujita et al. [30] reported the amylose content of millet was 11.4 to 27.1%. Thus, the results of the present study were within the reported range. The ash content of millet was observed to be 1.39 g/100 g, which was close to the results provided by Devisetti et al. [29] Protein, fat, dietary fiber, amylose and ash content were significantly different (P < 0.05) among the samples from different regions. The protein content in the Hebei samples was 10.87 g/100 g, higher than Henan and Shandong samples. The amylose and ash contents were higher in millet from Henan and Shandong, respectively, than in Hebei. The fat content was the highest in the Henan samples and the lowest in the Shandong samples, whereas the dietary fiber content was the highest in samples obtained from Shandong and the lowest in samples from Hebei. Several studies reported higher fat content and dietary fiber for millet than other cereals such as maize, rice, and sorghum. [31] [32] [33] Principle component analysis and discriminant analysis
The millet samples from three regions can be partially differentiated by PCA of the mineral elements (Figure 1a) , in which the Hebei samples can be distinctly separated from the samples from the other two regions. However, it is difficult to distinguish the samples from the Henan and Shandong regions by mineral signature. Present results showed that the element contents in foxtail millet samples from the three regions had distinct characteristics. The different characteristics could be linked to the soil system. Among these three locations, K content is lower in Hebei soil, [34] and the levels of Zn and Mn are higher in Henan soil. [35] Higher P levels were found in Shandong soil. [36] The corresponding contents of these elements were detected in foxtail millet samples from the corresponding locations. Five chemical compositions and 12 elements in the foxtail millet samples from three regions were analyzed using PCA (Figure 1b) . Approximately 84.45% of the total variability can be explained by the first five components. Dietary fiber, Sr, Rb and Cs showed the largest PC1, which explained 41.67% of the variability. K, Mg and P had the highest weight in PC2. The score plot of PC1 and PC2 showed an initial distinction between samples from the three regions. Compared to the individual mineral elements data, the combination of both methods significantly improved the classification of foxtail millet samples of various geographical origins.
To develop a mathematical model to classify millet samples from the three regions, discriminant analysis was carried out using SPSS software based on five chemical compositions and 12 elements (Figure 2 ). Six factors (including protein, fat, dietary fiber, amylose, Se and Rb) were selected to establish a classification procedure, which was then evaluated in a cross-validation procedure. A satisfactory classification was obtained with a recognition ability of 95.2% of the original grouped samples and a cross-validation rate of 95.2% (Table 4) .
There has been little investigation into the traceability of millet. Agronomic traits such as panicle exsertion and longest finger length have been reported to be linked to geographical provenance. [37] However, agronomic traits are usually not available when millet is used as food. Protein, fat and amylose contents were significantly different among samples from diverse geographic regions of China. Climate was the main factor influencing the chemical composition of millet. [9] Different climate characteristics such as temperature, sunshine duration and precipitation have led to the accumulation of different traits (Table 1) . Liu et al. [38] found that the protein and fat contents in millet as well as accumulative temperature, sunshine duration and precipitation were strongly correlated. Analyses of proteins could be used to determination of geographical origin, due to the fact that the presence of these analysis is usually associated with environment. [39] Jiang et al. [40] reported that mineral element contents of rice accessions correlations between most of the 17 amino acid contents and Mg, Ca, and Zn, between protein content and Na, Mg, Zn, Cu, or Mn content. Zhou et al. [41] revealed positive correlations between protein content and Cu or Zn content. The findings in this study demonstrate that the combination of mineral elements and chemical composition can improve the differentiation of foxtail millets with various origins and be an effective tool for geographic regional determination of foxtail millet.
Conclusion
This study reports on the content of major nutritional components (protein, fat, dietary fiber, amylase, ash) and 16 mineral elements of millet samples from three provinces in China. The results show that millet classification can be improved by combining both nutritional data and mineral element data Our study provides an efficient method to determine the geographical origin of millets, which has great importance for the millet industry. 
